[1] Laboratory experiments demonstrate that olivine irradiated with keV ions and exposed to water exhibits up to a 60% reduction from the original near-surface concentration of magnesium, as measured by X-ray photoelectron spectroscopy. The depth of this depletion layer is measured to be $15 nm. Irradiations were performed with 4 keV ions at fluences from 10 14 -10 19 ions cm -2 and water immersion times ranging from 3 s to more than 100 h in neutral (pH = 6.8), high-purity water. The depletion of Mg depends strongly on ion fluence but weakly on immersion time after 3 min, when it saturates. Remarkably, ion irradiation enhances the rate of surface depletion of Mg from olivine by a factor of 26,000. This effect must be considered when assessing the surface composition of samples exposed to simulated space weathering in the laboratory and during the handling and analysis of irradiated extraterrestrial specimens acquired via sample return missions. 
Introduction
[2] Surfaces of airless bodies in space are bombarded by energetic photons, ions, and by meteorites. These impacts alter the chemical composition of the surfaces and modify other properties, such as optical appearance. This phenomenon, known as ''space weathering,'' can be studied by examining extraterrestrial materials from sample return missions or by laboratory simulations on planetary surface analogs. In such studies it is critical to minimize alterations of the surfaces by environmental factors during sample handling.
[3] Space weathering effects on the structure and composition of minerals have been the focus of a number of recent laboratory studies. Bradley [1994] measured the compositions of interplanetary dust particles (IDPs) and chondritic meteorites using energy dispersive X-ray analysis (EDX) on a transmission electron microscope (TEM). Cross sections of IDPs revealed a depletion of magnesium and calcium relative to oxygen from the weathered silicate surfaces with respect to the bulk. A similar Mg depletion of olivine from the Allende meteorite was measured after 20 keV proton irradiation and attributed to nonstoichiometric sputtering of the mineral surface [Bradley, 1994] . Demyk et al. [2001] measured with EDX a 30% reduction in the Mg:Si ratio of olivine due to bombardment with 4 and 10 keV He ions. Similar results were reported by Toppani et al. [2006] in silicate samples analyzed ex situ by EDX.
[4] In contrast, Dukes et al. [1999] showed that keV ion bombardment of olivine does not significantly change the relative concentrations of Mg, Fe, O, and Si as measured by X-ray photoelectron spectroscopy (XPS) in situ; i.e., without removing the sample from vacuum. We also note that Jäger et al. [2003] found no change in chemical composition of enstatite (MgSiO 3 ) due to 50 keV He + bombardment in contrast with the Mg depletion reported by Bradley [1994] .
[5] We posit that environmental changes on irradiated surfaces are the cause of conflicting results between experiments where surfaces irradiated in vacuum were analyzed in situ or analyzed after handling outside vacuum. The latter occurs typically in specimen preparation for electron microscopy. In section 2 we present experimental results that suggest that the reason for the contradictory results on olivine may be the preferential dissolution of magnesium due to exposure of the ion-irradiated surfaces to water in ex situ analyses.
Experimental Methods
[6] Olivine, (Mg,Fe) 2 SiO 4 , consists of isolated silicate tetrahedra linked by metal cations. The relative concentrations of Mg and Fe in the olivine mineral group vary between the end-members Mg 2 SiO 4 (forsterite) and Fe 2 SiO 4 (fayalite). Our experiments used natural forsterite samples from the Twin Sisters Range in Washington (Ward's Scientific, Rochester, New York,) cut with a diamond blade into 2 mm thick samples that were then rinsed in successive ultrasonic baths of acetone, methanol, and high-performance liquid chromatography (HPLC) water. We measured surface composition with XPS using a Physical Electronics 560 spectrometer maintained at ultra high vacuum (base pressure $10 À9 torr). XPS spectra were excited by Al-K Xrays and measured with a cylindrical mirror analyzer in fixed analyzer transmission mode. The energy resolution was 3.2 eV for survey spectra and 0.6 eV for highresolution spectra. A representative XPS spectrum of an unirradiated olivine is shown in Figure 1 , where the electron binding energy is the X-ray energy (1486.6 eV) minus the measured electron kinetic energy. The surface composition of our natural forsterite is presented as atomic ratios Mg:Si = 1.72 ± 0.06, Fe:Si = 0.28 ± 0.08 and was calculated using sensitivity factors measured for our instrument using MgO, SiO 2 , and Fe calibration samples. Use of measured sensitivity factors, rather than those provided by the manufacturer, provides greater accuracy in quantification and is a recent improvement in our analysis technique. Ion irradiations were done primarily with 4 keV Ar + at normal incidence; similar results were obtained with 4 keV H 2 + and 4 keV D 2 + . The ion beam was rastered over a 6 Â 6 mm 2 region of the sample to ensure uniform irradiation of the entire analyzed area. Ion fluences in the range 10 14 -10 19 ions cm À2 were obtained using current densities below 10 mA cm
À2
, as measured with a Faraday cup located next to the sample. Electrostatic charging was avoided by flooding the sample with low-energy (<1 eV) electrons. Additional experimental details are given by Dukes et al. [1999] .
[7] Water soaks were performed by removing the irradiated sample from vacuum and submerging the specimen in a vial of 20 mL HPLC water (pH = 6.8) for times ranging from 3 s to 166.5 h. After removal from the water bath the sample was laid briefly on a tissue to wick away moisture without contacting the processed surface and then reintroduced to the vacuum chamber.
[8] Our procedure for all experiments was to acquire initial XPS spectra of the sample, irradiate it to a prescribed fluence (ions cm À2 ), collect a second set of XPS spectra, soak the specimen, and then obtain a final set of XPS spectra. We also took data with unirradiated samples and varied soak time to quantitatively assess the effect of ion irradiation and/or water immersion time on surface Mg depletion.
[9] The Mg:Si atomic ratios were calculated from the areas of the Mg 2s (binding energy (BE) = 90 eV) and Si 2p (BE = 103 eV) photoelectron peaks, shown in Figure 1 (inset). The peak areas were calculated after Shirley background subtraction and removal of satellite peaks and then corrected with the atomic sensitivity factors. We note that for the Si and Mg peaks in olivine, the depth of information given by XPS is $2.6 nm [Hochella and Carim, 1988] .
Results
[10] High-resolution XPS spectra for olivine upon admission to vacuum after 10 17 Ar + cm À2 irradiation and after a 3-min soak in water are shown in Figure 1 (inset). One can see, clearly, the decrease in the intensity of the Mg 2s (BE = 90 eV) peak relative to the Si 2p (BE = 103 eV) peak. This drop in the Mg signal occurs only after ion irradiation and exposure to water; no changes in the Mg:Si ratio were observed as a result of the irradiation alone, within 5%. Additionally, we observed that the Fe:Si ratio remained constant within error after irradiation as well as after irradiation plus soaking. That is, there is no detectable Fe leaching from the olivine. Similar to the studies of dissolution of forsterite in acidic solutions by Seyama et al. [1996] , we found that the Mg and Si photoelectron lines did not change position or width as a result of processing. Interestingly, we found that implanted Ar projectiles are removed during soaking, as evidence by the disappearance of the Ar 2p photoelectron line (BE = 240 eV). [11] We conducted control experiments to test whether magnesium would leach preferentially from an unirradiated olivine sample within our sensitivity and time scales. We found no significant change in composition due to water immersion except for an increase in carbon due to exposure to the laboratory air.
[12] To quantify the effect of irradiation on Mg depletion, we measured the Mg:Si atomic ratio versus irradiation fluence up to a fluence of 10 18 Ar + cm À2 . These results (Figure 2) show strong fluence dependence with a depletion of more than 40% after 10 16 Ar + cm À2 and a 3-min soak in water. We also measured the surface depletion of Mg versus soak time for an irradiation fluence of 1-2 Â 10 17 Ar + cm
À2
. Figure 3 shows that that preferential dissolution of magnesium occurs quickly, reaching a steady state after 3 min of water immersion. Prolonged exposure to water up to a few hours did not decrease the Mg:Si ratio any further. Soak times longer than 10 h produced inconsistent results, possibly due to the spallation of the Mg-depleted layer, as observed in leached alkali-silicate surfaces by Casey and Bunker [1990] .
[13] Since transporting and storing samples in air is common practice in many laboratory studies, it is also of interest to determine the effect of exposing irradiated minerals to the humidity in the atmosphere. We analyzed several irradiated samples that were exposed only to air ($30% relative humidity (RH)) and not directly immersed in water. We found that irradiation to 10 17 Ar + cm
followed by exposure to air for 2 days resulted in up to 15% Mg depletion. However, this did not always occur, possibly due to variations in relative humidity or other environmental variables. We hypothesize that the irradiated area reacted with water and other molecules in the atmosphere, producing volatiles that evaporated upon admission to the ultra high vacuum. This phenomenon will be explored further in future studies.
[14] To determine the thickness of the depleted layer, we obtained a depth profile by sputtering. A sample was irradiated with 4 keV Ar + to a fluence of 10 17 ions cm
and then immersed in water for 3 min. After reintroducing the sample to vacuum, 4 keV Ar + ions were again used to remove the depleted surface layer by sputtering, while monitoring the composition with XPS. Figure 4 shows that the Mg:Si ratio returned to its initial value, within error, Figure 2 . The magnesium to silicon ratio of olivine after irradiation with 4 keV Ar + and subsequent soaking in water for 3 min. The horizontal band indicates the range of the Mg:Si atomic ratio measured for olivine before and after ion irradiation. . To obtain a depth scale, we used a density of 3.27 g cm À3 and a sputtering yield of 0.4 (Mg 1.72 Fe 0.28 SiO 4 ) ion
À1
, derived from the sputtering yield for silica, measured to be 1 (SiO 2 )/ion with 4 keV Ar + [Betz and Wehner, 1983; Nenadović et al., 1990] in the absence of data for olivine. Thus, we estimate the thickness of the magnesium-depleted layer to be $15 nm, comparable to the maximum range of the Ar ions, $15 nm, calculated with the Monte Carlo simulation code Transport of Ions in Matter (TRIM) (available at www.SRIM.org). In addition, the concurrent disappearance of implanted Ar upon soaking, mentioned above, implies that dissolution occurs over the entire irradiated area, as in the acidic dissolution of forsterite [Seyama et al., 1996] , rather than preferentially in etch pits. To test this conclusion, we examined the surface of a polished olivine sample covered with a 100 line/inch Au mesh (20 mm wires spaced 230 mm) ion irradiated and immersed in water for 3 min. Using a scanning electron microscope, we took images of the sample coated with $20 nm carbon to reduce charging. We saw no discernible differences between irradiated and unirradiated regions ( Figure 5 ).
Discussion
[15] Our finding that ion irradiation enhances the depletion rate of Mg from olivine in neutral solutions in very Ar + cm À2 followed by immersion in water for 3 min and removal of the grid; (middle) 6000X magnified image of irradiated and water soaked area 1; and (bottom) 6000X magnified image of unirradiated and water soaked area 2. We see no discernible differences between irradiated and unirradiated regions that can be attributed to etch pits. short times is quite dramatic. It is generally known that even in the absence of irradiation, olivine dissolves very slowly and incongruently in acidic and, to a lesser extent, neutral aqueous solutions [Banfield et al., 1995; Casey and Ludwig, 1995; White and Brantley, 1995; Edwards and Russell, 1996; Chardon et al., 2006] . Casey and Bunker [1990] have shown that the dissolution rate depends strongly on pH as well as on the Mg ++ linkage to the native silicate bonds at the surface. Pokrovsky and Schott [2000a] found that a Mgdepleted surface layer, less than 1 -2 nm thick, formed on forsteritic olivine in aqueous solutions with pH < 9. As olivine is exposed to water, initially there is preferential Mg loss but, at longer times, a steady state is reached where dissolution becomes congruent (stoichiometric) [Pokrovsky and Schott, 2000b] . The strong increase in the dissolution rate as the solution becomes more acidic supports the idea that Mg depletion occurs via the cation exchange reaction 2H + ! Mg 2+ [Blum and Lasaga, 1988] . Pokrovsky and Schott [2000a] have shown that the dissolution leads to the formation of silicic acid through [Blum and Lasaga, 1988; Pokrovsky and Schott, 2000b] . In contrast, the Mg dissolution of ion-irradiated olivine occurs at an enormously higher rate. The $15 nm thick altered layer loses on average $2.0 Â 10 16 Mg cm À2 (half the initial value) in $2 min. This gives a specific dissolution rate of 1.7 Â 10 14 atoms cm À2 s
À1
, or $26,000 times larger than the reported values for unirradiated olivine.
[17] Petit et al. [1989] have studied dissolution of minerals after irradiation with 207 keV Pb ions. They saw enhanced dissolution in some silicate minerals [Dran et al., 1984] but not in olivine. This contrasts with our work using inert gas ion irradiation and may be due to either the chemical alteration of their surfaces by the accumulation of lead or the insufficient depth resolution of their Rutherford backscattering technique.
[18] We suggest that the radiation damage produced by energetic ion irradiation enhances the penetration of protons into the mineral by breaking the bonds between the Mg ++ and the silicate tetrahedra. Previous measurements have shown the formation of a hydrated layer on the surface of olivine soaked in water [Petit et al., 1989; Fujimoto et al., 1993] . Radiation damage amorphizes the surface region enhancing hydrogen diffusion into the solid, where they exchange with the Mg cations. That broken bonds enhance chemical reactions at minerals surfaces is known and applied in the mineral processing technique of mechanical activation [Tkáčová, 1989] . In the particular case of olivine, mechanical activation by milling increases the specific dissolution rate ninefold between long and short milling times [Kleiv and Thornhill, 2006] .
Conclusion
[19] Magnesium is easily and substantially depleted from the surface of ion-irradiated olivine subject to water immersion and even ambient atmospheric conditions. The depth of alteration is equivalent to the range of the ions. The rate of Mg depletion of olivine in a neutral solution is enhanced dramatically when the mineral is damaged by ion irradiation. Our results suggest that the conflicting reports of preferential magnesium removal from irradiated olivine surfaces can be attributed to ex situ measurement techniques, where the surface of an ion-irradiated crystalline material is susceptible to alteration by the atmosphere or specimen preparation (rinsing). In addition, chemically active elements in a damaged layer may be preferentially removed by water in the Earth's atmosphere. Therefore, surface analysis of irradiated materials should always be conducted in situ to prevent alteration of the surface by the atmosphere. When in situ examination is impossible, as in sample return missions from space, care should be taken to avoid alteration by the atmosphere or by water exposure during sample handling.
